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Abstract Tumor cells exhibit at least two distinct modes
of migration when invading the 3D environment. A single
tumor cell’s invasive strategy follows either mesenchymal
or amoeboid patterns. Certain cell types can use both
modes of invasiveness and undergo transitions between
them. This work outlines the signaling pathways involved
in mesenchymal and amoeboid types of tumor cell motility
and summarizes the molecular mechanisms that are
involved in transitions between them. The focus is on the
signaling of the Rho family of small GTPases that regulate
the cytoskeleton-dependent processes taking place during
the cell migration. The multiple interactions among the
Rho family of proteins, their regulators and effectors are
thought to be the key determinants of the particular type
of invasiveness. Mesenchymal and amoeboid invasive
strategies display different adhesive and proteolytical
interactions with the surrounding matrix and the alterations
inﬂuencing these interactions can also lead to the
transitions.
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Introduction
The ability of tumor cells to spread to distant locations in
the body and to form metastases is the most life-threatening
aspect of cancer. Therefore, an understanding of the
mechanisms underlying this feature is crucial. Metastasis is
a complex process involving several steps: ﬁrst, tumor cells
must break away from the primary tumor and invade
locally, through the barriers of the surrounding extracel-
lular matrix (ECM) normally present in tissues. Next, the
further spread of tumor cells to secondary tumor sites
occurs via the bloodstream or the lymph vessel system;
therefore, the metastasizing tumor cells must be capable of
intravasation, survival in the bloodstream or lymphatic
system, and extravasation. In addition, tumor cells must be
able to colonize distant sites (reviewed in [1]).
A local invasion to adjacent tissue is one of the early
steps in the metastatic process and one of the key deter-
minants of the metastatic potential of tumor cells. In order
to overcome the ECM barriers, tumor cells develop dif-
ferent strategies. The cells can spread either collectively,
retaining their intracellular junctions, or individually. The
conversion from epithelial cells to motile individually
migrating cells is an intensively studied phenomena known
as epithelial–mesenchymal transition (EMT; reviewed in
[1]). This work concentrates on the single cell migration
strategies of tumor cells, referred to as amoeboid and
mesenchymal.
The amoeboid and mesenchymal types of invasiveness
are two modes of migration that are mutually inter-
changeable: suppression or enhancement of the activity of
speciﬁc molecular pathways that determine either of the
modes can cause a switch to the other type of invasive-
ness—this is called mesenchymal–amoeboid transition
(MAT) or amoeboid–mesenchymal transition (AMT),
respectively. While EMT is a quite rigid process following
relatively extensive alterations in gene transcription,
MAT/AMT involves rapid changes in a migratory mode that
arise as a reply to the current speciﬁcs of the environment.
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the metastatic process when a certain microenvironment
requires phenotypical adaptation of the tumor cells. So far,
several molecular mechanisms inducing MAT/AMT have
been reported (as described below). A study of the mech-
anisms that may possibly trigger MAT/AMT helps us to
understand the plasticity in the migration strategies of
tumor cells. This is important for the development of a
cancer treatment that would efﬁciently suppress tumor cell
invasiveness through the inhibition of both modes of
migration.
An overview of the invasive strategy of individual
tumor cells
Mesenchymal type of invasiveness
The mesenchymal type of tumor cell migration can be
compared to ﬁbroblast-like motility. Apart from ﬁbroblasts,
keratinocytes, endothelial cells, and some tumor cells also
use this mode of migration. Cells with the mesenchymal
type of motility have a speciﬁc elongated spindle-like
shape. In 3D matrices, cells are polarized, creating an
obvious leading edge with one or more leading pseudopods
and the lagging cell body (containing nucleus, cytoplasm,
and organelles) that can be easily distinguished (see Fig. 1).
The translocation of the mesenchymally migrating cells
begins with the formation of actin-rich ﬁlopodia and
lamellipodia at the leading edge. This process is driven by
the small GTPases from the Rho family, primarily by Rac
and Cdc42 [2, 3]. Adhesive interactions with the ECM are
present on both the cell poles, and the contractile actin
stress ﬁbers attached to them generate traction forces
between the anterior and posterior cell edge [4]. Clustered
integrins give rise to the focal adhesions that then recruit
ECM-degrading proteolytical enzymes to perform pericel-
lular ECM remodeling and generate the path for migrating
cells [5, 6]. The velocity of mesenchymal cell migration in
3D matrices is approximately 0.1–0.5 lm/min [7]. The
rather low speed is caused by the relatively slow turnover
of focal adhesions during the translocation [8].
Amoeboid-like invasiveness
The amoeboid migration is named after the speciﬁc type of
motility of amoeba, which is characterized by cycles of
expansion and contraction of the cell body mediated by the
cortically localized actin and myosin [9]. Amoeboid-like
movement in higher eukaryotes has been described in
leukocytes [10, 11] and certain types of tumor cells [12–15].
Tumorcellsthatadopt anamoeboidstyle ofmigration havea
characteristic rounded shape in 3D substrates. The typical
morphology of a tumor cell with amoeboid-like invasiveness
in a 3D environment can be seen in Fig. 1.
The enhanced contractility of cells that use amoeboid-
like invasive strategies, promoted by the Rho/ROCK sig-
naling pathway [12, 14], enables them to squeeze through
gaps in the ECM ﬁbers and adapt their bodies to the pre-
existing spaces [10, 11, 13], or to exert a sufﬁcient force to
deform the surrounding ECM [14–16]. The tension main-
tained by cortical actomyosin results in membrane
blebbing that contributes to the cell motility [17].
Amoeboidly migrating cells move in 3D substrates inde-
pendently of ECM degradation [13, 14]. The low-adhesion
attachment to the substrate enables cells that adopt an
amoeboid movement to translocate in the 3D environment
at relatively high velocities, ranging from 2 lm/min
observed on A375m2 melanoma cells [12]t o2 5lm/min,
which represents the peak migration velocity of lympho-
cytes in collagen gel [18].
A summary of the distinct characteristics of the mes-
enchymal and amoeboid type of invasiveness is outlined in
Table 1.
Individual tumor cell invasiveness at the molecular
level
In general, a single mesenchymal tumor cell migration can
be described in three steps: (1) the initial cell polarization
and formation of the leading protrusion, which leads to (2)
the interaction of the leading edge with ECM. Cell-ECM
contacts trigger downstream signaling events that are fol-
lowed by (3) the contraction of the rear of the cell and
displacement of the cell.
Mesenchymal migration begins with the extension of
lamellipodia (ﬂat 2D protrusions containing a branched
network of the actin ﬁlaments) and ﬁlopodia (thin rod-like
projections composed of the parallel actin ﬁbers) at the cell
edge. Rho-family small GTPases Rac and Cdc42 mediate
actin polymerization by the regulation of WASP/WAVE
proteins [19, 20]. The interaction of N-WASP and WAVE2
Fig. 1 Different morphologies of the invasive tumor cells. Left
mesenchymal morphology of K4 sarcoma cells. Right amoeboid
morphology of A3 sarcoma cells (representative modulation contrast
image recorded at an invasion depth of 50 lm)
64 K. Pan ˇkova ´ et al.with Arp2/3 promotes nucleation of actin ﬁlaments and
formation of the actin network at the leading edge [21].
Cdc42 induces formation of ﬁlopodia [3, 22] and affects
the initial cell polarity through the regulation of microtu-
bules (MTs) [23].
Lamellipodia and ﬁlopodia at the leading edge are sta-
bilized by the interactions of focal contacts with ECM. The
key components of the focal contacts are integrins, the
transmembrane receptors that bind the common compo-
nents of ECM and mediate a mechanical linkage between
ECM and actin cytoskeleton. The activation and co-clus-
tering of integrins in the focal contacts is mediated by an
adaptor protein called talin that couples integrins with actin
cytoskeleton [24]. Integrin clusters recruit several adaptor
proteins (e.g., paxillin, vinculin, zyxin) and signaling pro-
teins [focal adhesion kinase (FAK), Src] and develop into
more stable focal adhesions (reviewed in [25]). Attachment
to the ECM is crucial for the mesenchymally migrating
cells. Blocking of the b1 integrins in mesenchymally
invading HT-1080 ﬁbrosarcoma cells has been shown to
lead to a loss of motility [13]. The formation of the focal
adhesions is associated with the Rho signaling-dependent
rearrangement of the actin cytoskeleton to the long parallel
actin stress ﬁbers [3]. Clustered integrins recruit extracel-
lular proteolytical enzymes such as matrix metallo-
proteinases (MMPs) and serine proteases [5, 6] to perform
local pericellular remodeling of the ECM. The generation
of the tube-like migratory pathways facilitates tumor cell
migration.
The actual displacement of a cell depends on the traction
force that arises from the contraction of stress ﬁbers [4].
Contractility of the actin cytoskeleton is maintained largely
by Rho signaling. Rho in GTP-bound form activates its
effector Rho-associated serine–threonine protein kinase
(ROCK) that inactivates myosin-light-chain phosphatase
(MLCP) [26]. MLCP dephosphorylates myosin II light
chain (MLC2). Myosin-light-chain kinase (MLCK) has an
antagonistic effect: it phosphorylates MLC2, and ROCK
has also been found to directly phosphorylate MLC2 [27].
Once the MLC2 is phosphorylated (P-MLC2), the activity
of myosin II ATPase is enhanced, and myosin II becomes
engaged in more efﬁcient interactions with actin ﬁlaments
and thus increases cell contractility (reviewed in [28]).
The other pathway involved in the regulation of cell
contractility involves Cdc42 signaling [29]. Cdc42 acts
through its downstream effector myotonic dystrophy
kinase-related Cdc42-binding kinase (MRCK) [30] and this
signaling has an inhibitory effect on MLCP [29]. The ratio
of activities of MLC2 phosphorylating and P-MLC2
dephosphorylating regulators determines the level of
actomyosin contractility.
Interestingly, Rho/ROCK signaling has been shown to
be dispensable for the mesenchymal type of migration of
the BE colon carcinoma and SW962 squamous cell carci-
noma cells [12]. The activated Cdc42/MRCK pathway
sufﬁciently compensates the loss of contractility in mes-
enchymally migrating BE colon carcinoma cells after
inhibition of the Rho/ROCK pathway [29]. Only the
simultaneous inactivation of both kinases, ROCK and
MRCK, results in a signiﬁcant decrease in the cell motility
of the mesenchymal BE colon carcinoma cells [29].
In contrast to the mesenchymal mode of invasion, in the
amoeboid-like migration, the contractile cortical actomy-
osin network is crucial for the generation of the motive
force [28, 31]. The submembranous actin is attached to the
membrane by linking proteins from the 4.1 band super-
family—ezrin, radixin, and moesin (reviewed in [32]).
Rho/ROCK signaling maintains the contractility of the
membrane-attached actomyosin cortex [12, 14], which
maintains cell tension. As observed in Amoeba proteus, the
intrinsic hydrostatic pressure can lead to onset of a
movement [31]. The intracellular pressure results either in
the detachment of the actomyosin network from the
membrane or in the rupture of the actomyosin cortex and
formation of spherical membrane herniations, so-called
membrane blebs [17]. The basic difference between the
formation of lamellipodia in the mesenchymal motility and
membrane blebbing is that the blebs are formed by the
inﬂow of a cytoplasm [17]; thus, the driving force of their
formation is not the actin polymerization as it is in
lamellipodia [2]. The formation of the membrane blebs
predominantly at the leading edge of the migrating cells
[17] may be triggered by increased pressure on the mem-
brane in the direction of the movement, which is caused by
the increased accumulation of contractile actomyosin at the
posterior cortex—as observed in Dictyostelium [9]—or by
Table 1 A comparison of the main phenotypic characteristics of the
mesenchymal and amoeboid modes of invasiveness
Mesenchymal Amoeboid
Morphology
Elongated Rounded
Attachment to the ECM
Via integrin clusters creating focal
contacts and adhesions
Weak, short-term, integrins
diffused in the membrane
Migration in the ECM
ECM degradation, remodeling Proteolysis-independent
pushing through the ECM
Organization of actin cytoskeleton
Actin meshwork (leading edge),
stress ﬁbers (traversing the cell)
Contractile actin cortex
Velocity of the locomotion
Low High
Cell membrane extensions
Filopodia and lamellipodia Intensive blebbing
Invasive strategies of tumor cells 65the depletion of cortex–membrane linking proteins at the
blebbing cell edge and the local disassembly of actin [17].
Once the bleb is formed, the actomyosin network beneath
the membrane is restored [33] and the bleb is either
retracted or used for further translocation.
It has been proposed that the extension and stabilization
of the bleb is driven by a further inﬂow of the cytoplasm
and interactions with the ECM. The exact nature of the
cell–ECM attachments in amoeboid migration is the sub-
ject of further research. In Dictyostelium amoebae, there
are no integrins expressed and the substrate-binding forces
are low [11]. Similarly, in HT-1080 cell lines, after the
induced transition to amoeboid migration, the loss of
integrin clusters was observed [13]. The independence of
the amoeboid cancer cell migration from the b1 integrins
was also reported in melanoma cells [34]. This, together
with the impaired downstream signaling from a2b1 inte-
grin complexes identiﬁed in primarily amoeboid LS174T
cells and HT-1080 cell line with induced amoeboid
migration [35], implies a reduced requirement for the for-
mation of integrin-mediated cell–ECM contacts in the
amoeboid pattern of translocation in general.
The key marker of the amoeboid invasiveness of tumor
cells is its independence from ECM proteolytic degradation
that has been found in the several primarily amoeboid cell
lines [12, 14] and mesenchymal cells after a mesenchymal
to amoeboid transition [13]. The migrating strategy of
amoeboid cell lines in 3D substrates is based on Rho/
ROCK maintained contractility [12–14]. Originally, the
proposed model of amoeboid-like migration in 3D lattices
was that cells squeeze through the pre-existing spaces in
ECM with no remodeling of the surrounding matrix
[12, 13]. However, Rho/ROCK maintained contractility
has recently been shown not only to maintain high cell
deformability but also to exert sufﬁcient force to structur-
ally change the ECM [14–16, 28].
The main molecular mechanisms underlying
MAT/AMT
MAT/AMT transitions are determined
by the actomyosin contractility
As described previously, amoeboid invasiveness largely
reliesonactomyosincontractilitymaintainedbyRho/ROCK
signaling [12, 14]. The silencing of the Rho/ROCK pathway
in amoeboid tumor cells was the ﬁrst mechanism that was
observed to induce transition from amoeboid to mesenchy-
mal invasiveness [12]. The inactivation of either Rho or
ROCK in A375m2 melanoma cells with the blebbing
amoeboid-like phenotype results in transition to the mesen-
chymal-like morphology [12]. Among the important
regulators of the Rho/ROCK-maintained cortical acto-
myosin network is 3-phosphoinositide-dependent protein
kinase 1 (PDK1) that has a positive effect on ROCK1
(a ROCK isoform) activity at the plasma membrane [36].
PDK1 promotes ROCK1-driven organization of actomyosin
by competing with RhoE, a negative regulator of ROCK1
[36]. Depletion of PDK1 disrupts the organization of MLC2
at the cell cortex and results in the elongated mesenchymal
phenotype and impaired motility as observed in A375m2
cells [36].
Rho/ROCK signaling not only drives the amoeboid
migration but also impairs Rac-induced lamellipodia for-
mation in cells using the amoeboid type of migration by
activating GAP of Rac called ARHGAP22, thereby sup-
pressing the mesenchymal strategy of invasiveness [37].
The silencing of ARHGAP22 in amoeboid A375m2 led to
the elongated mesenchymal phenotype with decreased
levels of P-MLC2 [37].
Cdc42-mediated signaling has also been found to be
important in the maintenance of the amoeboid mode of
invasiveness in A375m2 melanoma cells [38]. It has been
shown that inhibition of the Cdc42 regulator, DOCK10, or
its downstream effectors, N-WASP and PAK2, leads to
amoeboid–mesenchymal transition [38]. Cdc42 also acti-
vates MRCK, which cooperates with ROCK on MLC2
phosphorylation, but due to redundancy with ROCK,
inactivation of MRCK only has a moderate effect on
A375m2 invasion [29]. This data suggests that the critical
role of Cdc42 for amoeboid invasiveness is not the MLC2
phosphorylation but the activation of actin polymerization
through its effector, namely N-WASP or PAK2. The
interactions among the Rho GTPases and their involvement
in MAT/AMT are depicted in Fig. 2.
MAT/AMT induced by inhibition of the initial cell
polarization
Rac is believed to be the key regulator of the lamellipodia
formation in mesenchymally migrating cells [2, 19, 39].
Inactivation of Rac induces a rounded phenotype in A375P
cells and increased levels of P-MLC2 in A375m2 cells
seeded on top of thick collagen [37]. The same effect has
been observed with the inactivation of either NEDD9 or
DOCK3, which both mediate the activation of Rac
(DOCK3 is a GEF of Rac, NEDD9 is an adaptor protein
creating a complex with DOCK3) [37]. Rac1 also inﬂu-
ences the assembly of focal adhesions and the subsequent
formation of stress ﬁbers [40]. Moreover, Rac suppresses
cell contractility through its effector WAVE2 that nega-
tively regulates the phosphorylation of MLC2 and
therefore renders the amoeboid mode of motility unfavor-
able [37]. Thus, Rac signalization can be considered crucial
for the mesenchymal migration of tumor cells, although the
66 K. Pan ˇkova ´ et al.Rac-induced morphological transitions have not yet been
documented within the 3D environment but were observed
only on top of the thick collagen [37].
Local inhibition of cell contractility at the leading edge
is necessary for the efﬁcient formation of leading protru-
sions in mesenchymal invasiveness. The depletion of RhoA
at the leading edge is maintained by the Smurf1 protein (an
E3-ubiquitin ligase) that targets RhoA for the proteolytical
degradation [41] and therefore locally impairs Rho/ROCK
signaling. Smurf1 is therefore believed to be important for
this mode of migration. Consistently, the inhibition of
Smurf1 in mesenchymal BE colon carcinoma cells is suf-
ﬁcient to induce transition to amoeboid invasiveness [42].
Cdc42 is involved in multiple pathways crucially regu-
lating cell migration, and therefore the inactivation of
Cdc42 leads to the non-motile phenotype [38]. In mouse
embryonic ﬁbroblasts, formation of the Cdc42 induced
ﬁlopodia is negatively regulated by p53, a transcription
factor that functions as tumor suppressor [43]. The actual
mechanisms of this interference are not known, but it is
proposed that p53 acts downstream from Cdc42 [43]. In
mesenchymally migrating A375P melanoma cells in a 3D
environment, the loss of p53 function has been found to:
induce transition to the amoeboid phenotype with the
rounded morphology; increased RhoA activity, and mem-
brane blebbing [44].
Cdc42 is also the key regulator of cell polarity in
ﬁbroblast migration that is maintained by microtubules
[23]. The dynamics of MTs in the cell is regulated by
several stabilizing and destabilizing proteins that interact
either with the tubulin subunits or polymerized MTs. One
of the MT-regulating proteins is stathmin (also known as
Op18) that contributes to the MT destabilization [45]. It
was observed on the HT-1080 ﬁbrosarcoma cells that
stathmin 1 (a stathmin isoform) expression enhances
migration in 3D matrices, even though it does not inﬂuence
the invasiveness in a 2D environment [46]. The enhanced
migration of the originally mesenchymally invading
HT-1080 cells in 3D assays is coupled with the acquisition
of a rounded shape [46] suggesting that stathmin 1 may
contribute to MAT. The cell morphology was the only sign
of amoeboid invasiveness that Belletti’s group observed
(in 2008); as yet there is no evidence of stathmin 1
(over)expression-induced changes in the cell surface inte-
grins distribution, increased P-MLC2 levels, or membrane
blebbing.
MTs are important for the maintenance of cell polarity
in mesenchymally migrating cells [23], but in amoeboid-
like migration of neutrophils [10], the role of MTs is
opposite. There is evidence that, in neutrophils, a treatment
inducing MT disassembly supports the motility of neutro-
phils by selective activation of ROCK and ROCK-induced
increased levels of P-MLC2 [47]. Disruption of MTs
appears to be an appropriate signal leading to MAT [46];
however, the role of the destabilization of MTs in amoe-
boid-like tumor cells has not yet been reported.
MAT/AMT related to proteolytical, adhesive
and remodeling interactions with the ECM
The increased proteolysis of ECM by tumor cells
expressing extracellular matrix metalloproteinases (MMPs),
Fig. 2 Interactions among the components of signaling pathways
documented to be involved in the MAT/AMT transitions of cells in a
3D environment. The inhibition of the activity of the proteins
highlighted in red was shown to trigger amoeboid to mesenchymal
transitions. Inactivation of the proteins depicted in green induces a
conversion from the mesenchymal to the amoeboid mode of
invasiveness. Mesenchymal to amoeboid transitions were also
documented in cells expressing activated Cdc42 (Q61L mutation).
Rac, a well-established signaling element essential for mesenchymal
movement, is also shown, even though the Rac-dependent morpho-
logical transitions were not yet thoroughly documented within the 3D
environment. Solid lines direct connections, dashed lines indirect
connections
Invasive strategies of tumor cells 67serine proteases,, and cathepsins was considered to be
the crucial determinant of tumor cell invasiveness until
the blocking of the extracellular proteolysis revealed an
extracellular proteases-independent mode of invasiveness
[13].
Mesenchymally migrating HT-1080 ﬁbrosarcoma cells
are able to invade in 3D collagen lattices after treatment
with an inhibitory cocktail in an ECM proteolysis-inde-
pendent manner, showing the typical features of amoeboid
invasiveness such as rounded morphology, integrin diffu-
sion in the plasma membrane, and the use of cortical
actomyosin contractility during the migration [13, 14, 35].
The induced amoeboid migration of HT-1080 cells after
the inhibition of proteolysis is associated with a decreased
cell surface expression of a2b1 integrins and a reduced
level of phosphorylated FAK [35], suggesting a lower
requirement for formation and signaling from focal adhe-
sions. Although the amoeboid invasiveness is supposed to
be b1 integrin-independent [34], suppression of the b1
integrin-mediated adhesion to the ECM in mesenchymally
migrating cells was not shown to be a sufﬁcient mechanism
for the induction of MAT [35].
A recent study has shown how tumor cells are able to
use Rho/ROCK-dependent and Rho/ROCK-independent
modes of invasiveness with respect to the spatial organiza-
tion of surrounding collagen ﬁbers [16]. In mesenchymally
migrating MDA-MB-231 breast carcinoma cells, Rho/
ROCK independent migration can only be used when the
collagenﬁbers are pre-aligned perpendicularly tothe tumor-
ECM boundary, whereas Rho/ROCK mediated contractility
is used in this cell type for the active, protease-independent
reorganization of ﬁlaments in cases where the ﬁlaments are
not pre-aligned [16].
An overview of MAT/AMT transitions documented in
the 3D environment is shown in more detail in Table 2.
Recently, Sabeh et al. [48] suggested that the amoeboid
invasiveness of tumor cells observed in vivo can only occur
under speciﬁc conditions and may not be an effective and
widespread alternative to single tumor cell migration [48],
as was previously thought [12–14]. The authors suggest
that protease-independent mechanisms of cell migration
are only plausible when the collagen network is devoid of
the covalent cross-links that characterize normal tissues.
They emphasize that descriptions of proteinase-indepen-
dent, amoeboid-like cancer cell behavior are largely drawn
from in vitro assays using model 3D ECM constructs that
do not reproduce the key structural characteristics dis-
played by native type I collagen networks in vitro or in
vivo. Speciﬁcally, ECM constructs in these studies were
reconstituted from pepsin-extracted type I collagen, a
proteolytic process that removes the nonhelical telopep-
tides situated at the N- and C-terminal ends of native
collagen molecules. These collagen telopeptides play an
important role in ﬁbrillogenesis and contain critical lysine
residues, which, after lysyl oxidase-dependent oxidation in
vivo, support the intermolecular covalent cross-links nec-
essary for stabilizing gel architecture [48].
The authors compared the invasiveness of HT-1080 and
MDA-MB-231 cells in matrices from pepsin-extracted
and intact full-length collagen gels and found much more
efﬁcient invasion of both cell types in matrices from
pepsin-extracted collagens. The authors concluded that
MT1-MMP-independent invasion only proceeds when the
structural pores formed in collagen gel networks are no
longer stabilized by the covalent cross-links that deﬁne
ﬁbril architecture and structural rigidity. However, neither
the HT-1080 nor MDA-MB-231 cells used in this study are
cells that primarily use the amoeboid mode of invasiveness.
The amoeboid mode of invasion in these cell lines could be
induced, e.g., through the addition of protease inhibitors,
but this does not ensure that the cells are fully adapted for
effective amoeboid invasiveness. To evaluate the plausi-
bility of amoeboid invasion in native collagen gel, it would
be much more suitable to use the metastatic cells, which
use amoeboid invasion as their primary mode of inva-
siveness (e.g., A311 sarcoma cells; [15]) and which are
genetically adapted for effective amoeboid invasiveness. It
is possible that these cells could exhibit effective amoeboid
invasiveness not only in native collagen gels but also in
tissue in vivo.
Conclusions
The amoeboid and mesenchymal types of invasiveness are
two modes of migration that are mutually interchangeable.
Mesenchymal–amoeboid and amoeboid–mesenchymal
transitions involve rapid changes in a migratory mode that
arise as a reply to the current speciﬁcs of the environment.
The deﬁnition of the particular types of movement that
cells use after a transition is problematic. In most of the
reported transitions, the feature determining the transition
from mesenchymal to amoeboid invasiveness is the
spherical cell morphology in the 3D environment. So far,
only limited number of studies describing molecular
mechanisms inducing MAT/AMT has been published. In
the 3D environment, the treatments affecting the MAT and
AMT were reported only in speciﬁc cell lines; thus, the
universality of the speciﬁc treatment has to be further
conﬁrmed in other cell types. On the molecular level, the
transitions are generally associated with changes in
P-MLC2 levels or the actin localization and related features
as well as the increased RhoA activity or membrane
blebbing. The issue is that it is not known whether all the
transitions observed are ‘‘complete’’ or whether it is pos-
sible for a speciﬁc treatment to trigger ‘‘partial’’ transitions
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Invasive strategies of tumor cells 69where the resultant phenotype is a mixture of the mesen-
chymal and amoeboid characteristics. Therefore, exact
deﬁnitions for determining the transitions should be set.
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